The TCP-type transcription factors BRANCHED1 and BRANCHED2 shape plant architecture by suppressing bud outgrowth, with BRANCHED2 only playing a minor role in Arabidopsis. Here, we investigated the function of orthologs of these genes in the model tree Populus. We used CRISPR/Cas9 to generate loss-of-function mutants of previously identified Populus BRANCHED1-1 and BRANCHED2-1 candidate genes. BRANCHED1-1 mutants exhibited strongly enhanced bud outgrowth. BRANCHED2-1 mutants had an extreme bud outgrowth phenotype and possessed two ectopic leaves at each node. While BRANCHED1 function is conserved in poplar, BRANCHED2, in contrast to its Arabidopsis counterpart, plays an even more critical role in bud outgrowth regulation. In addition, we identified a new, not yet reported association of this gene to leaf development.
Introduction
Unlike animals, plants have an indeterminate, open development. Shoots are built from phytomers, which consist of internode, node and a leaf with a leaf axil. Meristems enable a mature plant to add phytomers to the plant body throughout its whole lifetime. With respect to shoot architecture, the activities of the shoot apical meristem and the axillary meristems are determining factors. During the growth period, the shoot apical meristem is constitutively active, while axillary meristems either stay dormant or develop into buds, which can grow out to form branches (Bennett and Leyser 2006) . The activity of axillary buds is tightly regulated. Key players of the control system are the plant hormones auxin, cytokinin and strigolactones. Auxin and strigolactones are negative regulators unlike cytokinins, which induce bud outgrowth (Thimann and Skoog 1934 , Sachs and Thimann 1964 , Phillips 1975 , Cline 1997 , Leyser 2005 , Gomez-Roldan et al. 2008 , Umehara et al. 2008 . For an overview about the hormonal regulation of bud outgrowth and plant architecture, see Barbier et al. (2015) , Bennett et al. (2016) , Müller and Leyser (2011) , and Teichmann and Muhr (2015) . Interestingly, cytokinins as well as strigolactones were reported to control expression of the bud outgrowth suppressor BRANCHED1 (BRC1). While cytokinin reduces its transcript levels, strigolactones enhance BRC1 expression (Aguilar-Martinez et al. 2007 , Braun et al. 2012 , Dun et al. 2012 .
BRC1 belongs to the family of class II TB1 CYCLOIDEA PCF (TCP) type transcription factors (Aguilar-Martinez et al. 2007 , Finlayson 2007 , which are specific to plants and control various developmental processes, such as the growth of lateral organs and meristems (Manassero et al. 2013, Nicolas and Cubas 2016) . The eponymous, highly conserved TCP domain consists of a non-canonical basic helix-loop-helix-like motif with a length of 59 amino acids, which is involved in protein-protein interactions and DNA binding (Cubas et al. 1999, Martin-Trillo and Cubas 2010) . Two main classes (I and II) are assigned based on differences in the TCP domain (Cubas et al. 1999) . While class I (PCF-like) TCP factors are largely associated with an inducing effect on cell division, class II (CIN and CYC/TB1-like) factors rather suppress growth processes (Martin-Trillo and Cubas 2010 , Nicolas and Cubas 2016 , Dhaka et al. 2017 .
Among the 24 TCP family members in Arabidopsis (Nicolas and Cubas 2016), two related class II genes were identified to possess an inhibitory function in lateral bud outgrowth regulation: BRANCHED1 (BRC1; TCP18) and BRANCHED2 (BRC2; TCP12) (Aguilar-Martinez et al. 2007 , Finlayson 2007 . While brc1 mutant lines, generated by RNAi, T-DNA insertion and EMS mutagenesis, had a strong increased bud outgrowth phenotype, brc2 RNAi and insertional lines showed only mild effects (Aguilar-Martinez et al. 2007 , Finlayson 2007 . The role of BRC2 thus is rather obscure and there are no detailed studies in other species.
BRC1/TB1 has been suggested as a central integrator of endogenous and environmental factors that affect bud outgrowth (Aguilar-Martinez et al. 2007) . Besides cytokinin and strigolactones, the plant nutritional status and canopy shading were reported to alter TB1/BRC1 expression (Kebrom et al. 2006 , Aguilar-Martinez et al. 2007 , Finlayson 2007 , Braun et al. 2012 , Dun et al. 2012 , Gonzalez-Grandio et al. 2013 . The abovementioned studies support a key role for the BRC1 protein in controlling bud outgrowth. However, this is put into perspective by a detailed analysis of a Arabidopsis brc1 brc2 double knockout line, which has a high branching phenotype under normal conditions, compared with wild-type plants. Seale et al. (2017) claim that BRC1 is not necessary for bud inhibition since bud growth of the brc1 brc2 double knockout can be inhibited by low nitrate. Also, under short day conditions, some of the buds stay dormant. Vice versa, induced overexpression of BRC1 in transgenic Arabidopsis does not inhibit outgrowth of buds indicating that high BRC1 levels alone are not sufficient to suppress branching. Seale et al. (2017) propose that BRC1 levels set the threshold for bud activation, which has to be overcome by additional factors regulating bud outgrowth. Thus, there is a level of uncertainty regarding the importance of the TCP factors in bud outgrowth regulation, which demands additional datasets. Especially for BRC2, the current data availability is highly limited, as mentioned above. Furthermore, current data is mostly restricted to annual plants, but there may be differences in perennial plants, which are likely to possess a more complex regulatory network.
Unlike buds of annual plants, buds of trees growing in temperate zones exhibit three different types of dormancy (Rohde and Bhalerao 2007) . During the growth period, the outgrowth of buds is controlled by the shoot apex keeping the bud in a state of paradormancy. This type of dormancy is partially controlled by a process called apical dominance (Cline 1997 , Leyser 2005 ) which can be overridden by environmental factors or decapitation. At the end of the growth period, short days and low temperature induce ecodormancy in buds. This dormancy stage can be broken by an increase of temperature and daylength. After extended exposure to dormancy-inducing conditions, buds become endodormant. In this state buds will only return to a non-dormant state after they have been subjected to a minimum period of cold. Eco-and endodormancy are adaptations to winter conditions in temperate zones.
Some tree genera like Populus and Prunus develop buds that grow out in the same season without entering a seasonal dormancy stage. The branches that develop from these buds are called sylleptic branches. In contrast, proleptic branches originate from buds that underwent eco-and endodormancy (Rohde and Bhalerao 2007) . Moreno-Cortes et al. (2012) studied a gene that may play a role in the outgrowth control of proleptic buds. They showed that overexpression of Castanea sativa RELATED TO ABI3/VP1 1 (CsRAV1) initiates sylleptic branching in a poplar clone that usually does not form sylleptic branches. RAV1 is expressed during winter and accumulation of RAV1 protein during winter may be part of the signal that releases proleptic buds from eco-and endodormancy.
However, not only environmental factors influence bud outgrowth. Buds need to reach a certain developmental stage, which is defined by the 'bud maturation point' (BMP) (Rinne et al. 2015) , to achieve outgrowth potential. In proleptic hybrid aspen the expression of poplar homologs of BRC1 and BRC2 increases as soon as buds reach the BMP (Rinne et al. 2015) . Thus, BRC expression may contribute to keep paradormancy of these buds. In the woody perennial poplar, we previously analyzed both putative orthologs of BRC1 (BRC1-1: Potri.012G059900; BRC1-2: Potri.015G050500) and BRC2 (BRC2-1: Potri.010G130200; BRC2-2: Potri.008G115800). Interestingly, only BRC1-1 and BRC2-1 exhibited the typical expression patterns expected for a functional variant, such as bud-specific expression and reduced transcript levels in outgrowing buds. Analyses of transgenic, strigolactone-deficient poplar showed that specifically BRC1 orthologs respond to changes in strigolactone levels, pointing to a functional diversification of BRANCHED genes (Muhr et al. 2016) .
To prove a function of the putative poplar BRANCHED orthologs in bud outgrowth control, knockout lines are needed. In the past, it was not feasible to generate homozygous knockout lines of plants with a long generation time like trees. CRISPR/Cas9 was shown to be effective in poplar (Fan et al. 2015 , Zhou et al. 2015 and enabled us to determine the function of the poplar BRANCHED candidate genes. We successfully generated knockout mutants of poplar BRC1-1 and BRC2-1. Phenotyping revealed massive branching in the mutant lines, suggesting a conserved role for poplar BRC1-1 and interestingly also a strong function for poplar BRC2-1 in bud outgrowth regulation.
Materials and methods

Plant material and growth conditions
The Populus tremula × alba (P. × canescens) clone INRA 717-1B4 was used for all experiments. Wild-type and transgenic plantlets were propagated in vitro as stem cuttings on half-strength Murashige and Skoog (MS) medium (Duchefa Biochemie BV, Haarlem, The Netherlands) supplemented with 2% (w/v) sucrose. (Gan et al. 2016) . After 6 weeks, formation of ectopic leaves and bud activation was assessed. The N-content of one-eighth strength Hoagland solution was set to 56 mM NH 4 NO 3 . Formation of ectopic leaves and bud activation was analyzed 6 weeks after start of the N-fertilization. Swollen buds (3 mm length), outgrowing buds (5 mm length) and outgrown buds (leaves are visible) were classified as activated buds.
CRISPR/Cas9 single guide RNA design and cloning of constructs
For targeting of the P. × canescens BRC1-1 and BRC2-1 orthologs, two single guide RNAs each (sgRNAs; see Table S1 available as Supplementary Data at Tree Physiology Online) were selected from a set of single nucleotide polymorphism (SNP)-free pre-designed sgRNAs available on AspenDB (http:// aspendb.uga.edu/s717) (Zhou et al. 2015) , fulfilling the following criteria: GC content of at least 40%, no stretch of four or more continuous T nucleotides (RNA polymerase III termination signal) and fewer than seven continuous bases of the protospacer forming secondary structures with the sgRNA backbone as predicted by 'mfold web server' (http://unafold.rna.albany.edu/? q=mfold/RNA-Folding-Form2.3) (Zuker 2003) at 25°C and otherwise default settings. sgRNAs were selected within the coding sequence (CDS) only, as close to the 5′ end of the CDS as possible, upstream or at the beginning of the TCP domain as predicted by 'NCBI conserved domain search' (https://www. ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) (Marchler-Bauer et al. 2017) . The TCP domain is regarded as essential for protein function and is lost if frameshift mutations are induced at the target sites, resulting in loss-of-function alleles.
For cloning of the CRISPR/Cas9 constructs, the vector system described in Ma et al. (2015) and Ma and Liu (2016) was obtained from Addgene (Cambridge, MA, USA). The vectors pYLsgRNA-AtU3b and pYLsgRNA-AtU3d were used to amplify the AtU3b and AtU3d promoter sequences (U-F primer plus R-primer carrying the suitable 20 bp protospacer sequence as overhang at 5′-end) as well as the sgRNA backbone sequence (F-primer carrying protospacer sequence at the 5′-end plus gR-R primer) using Phusion High-Fidelity DNA Polymerase (ThermoFisher Scientific Corp., Waltham, MA, USA). Both PCR products were purified and fused via the complementary protospacer sequence in an overlap extension PCR to produce AtU3b/AtU3d::sgRNA expression cassettes. The outer primers (U-GAL or U-GA2 promoter forward and pgs-GA2 or Pgs-GAR sgRNA reverse primer) carried suited overhangs to assemble both sgRNA expression cassettes with the BsaI-digested pYLCRISPR/Cas9P35s-N vector backbone using NEBuilder HiFi DNA Assembly Master Mix (New England Biolabs, Ipswich, MA, USA). The resulting plasmids carried both sgRNA expression cassettes, a Cas9 cassette and an nptII cassette (selectable marker) flanked by T-DNA borders for plant transformation. All oligonucleotides used for cloning of the constructs are listed in Table S2 available as Supplementary Data at Tree Physiology Online.
Genetic transformation of P. × canescens P. × canescens was transformed using Agrobacterium tumefaciens according to a transformation protocol adopted from Matthias Fladung, Thünen Institute of Forest Genetics, Großhansdorf, Germany. Shoots of~6-week-old in vitro grown wild-type plantlets were cut into small explants and inoculated in Agrobacterium culture (grown to OD 600 = 0.5) for 30 min at 28°C. Explants were cocultivated with Agrobacterium for 3 days in the dark on Petri dishes containing half-strength MS medium supplemented with 2% sucrose and subsequently washed and distributed on medium containing kanamycin (50 mg l ). Regenerates developing after 2-6 weeks were transferred into culture vessels for further growth. Emanating shoots were cut and placed on selective medium without thidiazuron for rooting. The transgenic status of rooted cuttings was verified by PCR (primers listed in Table S2 available as Supplementary Data at Tree Physiology Online) using leaf samples and independent transgenic lines were propagated in vitro as stem cuttings.
Identification of mutations and verification of genotype stability
To characterize the CRISPR/Cas9-induced mutations, leaf samples were taken from the P. × canescens wild-type and the original transgenic plantlets. DNA was extracted for amplification of the target locus by PCR. The amplicons were purified (NucleoSpin Gel and PCR Clean-up kit, Macherey-Nagel, Düren, Germany), sequenced (Seqlab GmbH, Göttingen, Germany) and the chromatograms were evaluated using the Geneious R8 (Biomatters Ltd, Auckland, New Zealand) (Kearse et al. 2012) and Chromas (Technelysium Pty Ltd, Brisbane, Australia) software. Sequences of the wild-type and transgenic lines were mapped to the sPta717 v1.1 reference sequence obtained from AspenDB (http://aspendb.uga.edu/ s717). In heterozygous and biallelic mutants with different insertion or deletion lengths in the two alleles, the resulting overlaid peaks were decoded manually or allele-specific primers were used for PCR amplification.
In the lines selected for detailed phenotyping, stability of the mutations after several rounds of propagation was confirmed. Leaf samples were taken from the shoot tips of individual greenhouse-grown plants for DNA extraction, amplification of the target locus by PCR and sequencing of the amplicon. The mutational status was analyzed as described above. All PCR and sequencing primers are listed in Table S2 available as Supplementary Data at Tree Physiology Online.
Identification and sequencing of putative CRISPR/Cas9 off-target sites
Putative sgRNA off-target sites were identified by searching for the protospacer and protospacer adjacent motif (PAM) sequence in the P. × canescens genome using the AspenDB Probe Search tool (http://aspendb.uga.edu/s717). The identified loci were classified as recommended by Hsu et al. (2013) . If no NGG or NAG PAM was present, if more than four mismatches were present in total or if at least two out of three or four mismatches in total were found in the PAM-proximal 8 bp of the protospacer, the site was regarded as an extremely unlikely off-target and not further investigated. If these criteria were not fulfilled, flanking primers were used to amplify and sequence the corresponding locus. For the analysis, all putative off-targets within the coding sequence of a gene were taken into account. All PCR and sequencing primers are listed in Table S2 available as Supplementary Data at Tree Physiology Online. The sequenced putative off-target sites are shown in Table S3 available as Supplementary Data at Tree Physiology Online.
Phenotypic analyses of architectural parameters
For phenotyping of shoot architectural traits, plants were grown on soil in a growth chamber until reaching a height of~50 cm and were then transferred to a greenhouse for further growth. The number of branches, the number of nodes, the shoot height, the stem base diameter and the total shoot biomass were measured or counted.
Statistical analysis
Statistics were evaluated with GRAPHPAD QuickCalcs t-test (http://graphpad.com/quickcalcs/index.cfm).
Results
CRISPR/Cas9-mediated mutagenesis of the PcBRC1 and PcBRC2 target loci
To obtain knockout mutants of PcBRC1-1 and PcBRC2-1, we generated a total of 23 (PcBRC1-1) and 29 (PcBRC2-1) P. × canescens lines stably transformed with CRISPR/Cas9 constructs targeting two loci within each gene (Figure 1a) . The mutational status of the obtained lines was investigated by PCR amplification of the target loci using universal and allele-specific primers. The results of the sequence analyses are summarized in Table 1 . Representative chromatograms of sequenced target sites are shown in Figure S1 available as Supplementary Data at Tree Physiology Online. Although some lines did not harbor any mutations at the target loci and other lines contained chimeric mutations (more than two sequence variants present as indicated by multiple overlaid peaks in the PCR product sequencing chromatograms), there was a significant number of successful mutants. We identified heterozygous (one wild-type allele remaining), biallelic (both alleles mutated, but different mutations present) and homozygous (same mutation in both alleles) mutations in multiple lines.
Mutations were found at all tested sgRNA targets around the Cas9 cutting site, which is located~3 bp upstream of the PAM (Ran et al. 2013 ), but efficiencies varied. While the sgRNA targets PcBRC1-1 T1 and PcBRC2-1 T1 were mutated at a high frequency, PcBRC1-1 T2 and PcBRC2-1 T2 exhibited mutations in few lines. A selection of sequences from mutant lines is shown in an alignment with the wild-type sequence (Figure 1b and c) . While some lines had small insertions, the vast majority of lines contained small deletions ranging from one to a few nucleotides. In some cases, there were larger deletions of up to 51 bp at a single target site or a deletion of the whole sequence (up to 390 bp for PcBRC1-1) between both sgRNA target sites. Most of the mutations result in translation frameshifts, causing amino acid changes and premature stop codons. Since the mutations are upstream of the TCP domain, the protein was expected to be non-functional, resulting in a knockout phenotype.
For further characterization of off-target mutations, mutational stability and mutant phenotypes, the representative, homozygous or biallelic mutant lines T27#8B and T27#28E (Pcbrc1-1) and T28#39B and T28#41A (Pcbrc2-1), mutant lines each likely to be full loss-of-function lines, were chosen.
Putative off-targets are not affected in Pcbrc1-1 and Pcbrc2-1 CRISPR/Cas9 lines CRISPR/Cas9 is a precise tool for targeting specific loci. However, off-target activity is a concern , Wu et al. 2014 . To test whether the sgRNAs used here induced any undesired mutations, we identified putative off-targets in P. × canescens coding sequences by sequence similarity search. For the PcBRC1-1-targeting sgRNAs, four possible off-targets were identified, while there were three putative sites for the PcBRC2-1
Tree Physiology Online at http://www.treephys.oxfordjournals.org sgRNAs (see Table S3 available as Supplementary Data at Tree Physiology Online). We amplified and sequenced these loci in the representative Pcbrc1-1 and Pcbrc2-1 lines and did not detect any mutations, indicating that the sgRNAs used here are highly specific. PcBRC2-2 was not identified as a potential offtarget according to the criteria defined by Hsu et al. (2013) . However, to ensure that the observed phenotypes are specifically caused by editing of PcBRC2-1, we amplified and sequenced the potential target site of the paralog PcBRC2-2. Sequence analysis showed that PcBRC2-2 was not edited in our CRISPR/Cas9 lines.
The induced mutations are stable over several propagation cycles
Cas9 and sgRNA expression is driven by constitutive promoters in the constructs used here. Such continuous expression may lead to the induction of new mutations occurring during plant propagation after the initial characterization of the original transgenic 'founder plants' of each line. This is particularly a concern since in most lines, only one of the two sgRNA target loci is mutated, allowing later sgRNA binding and cutting by Cas9 at the second, non-mutated locus. This may also happen at mutated loci, if the original mutations are small and do not entirely abolish and PcBRC2-1 (c) genes. The target loci were PCR-amplified and sequenced from leaf samples of the Populus × canescens wild-type (WT) as well as independent edited lines. The alignment shows the sgRNA binding sites including the corresponding PAM, as well as the flanking up-and downstream 10 bp at both targets. Insertions and substitutions are highlighted by red background color; deletions are illustrated with a gray background. The exact size of the individual mutations is indicated at the right side of each panel. Note: the PcBRC1-1 sequence contains a SNP close to T2, which is indicated by red letters. In case of biallelic mutations where the SNP cannot be assigned to a specific allele, the IUPAC ambiguity code is used (in our case 'S'). To verify stability of the genotype at the target locus, the representative lines T27#8B and T27#28E (Pcbrc1-1) as well as T28#39B and T28#41A (Pcbrc2-1) were propagated in vitro from stem cuttings for several cycles to clonally produce a large number of individuals derived from the original plant. Individuals from each line were further grown for 3 months in a greenhouse and resampled for sequencing. The analysis revealed that no further mutations occurred, indicating that the genotypes were stable in all lines.
Pcbrc1-1 and Pcbrc2-1 lines exhibit shoot architectural phenotypes
For an investigation of the Pcbrc1-1 and Pcbrc2-1 knockout phenotypes, representative mutant lines were grown in a greenhouse and various architectural parameters were evaluated. All lines had significantly increased branch numbers compared with the P. × canescens wild-type, which normally develops no or very few sylleptic branches. The branching phenotype was particularly severe in Pcbrc2-1 lines (Figure 2a , e and f). Other shoot architectural parameters, such as the shoot height, the number of nodes and the stem diameter, were largely unaffected (Figure 2b-d) .
While the branching phenotype was moderate in Pcbrc1-1 plants, which still developed normal paradormant axillary buds at many nodes, Pcbrc2-1 plants grew branches at almost all nodes (compare Figure 2a and c) . Instead of the development of paradormant buds, branch growth already commenced close to the growing apex (Figure 3d and e) . Interestingly, the branches did not exhibit higher-order branching and developed normal paradormant axillary buds, similar to the branches in Pcbrc1-1 plants. Thus, the Pcbrc2-1 knockout only affected primary branching.
Except for increased bud outgrowth, Pcbrc1-1 plants exhibited a normal habitus. In contrast, Pcbrc2-1 lines had a remarkable additional phenotype. They developed two ectopic leaves at each node (Figure 3d and e) . This phenotype was observed at the primary shoot as well as at the branches. The ectopic leaves were adjacent at both sides of the main leaf and exhibited a smaller and more elongated shape (Figure 3a) .
Phenotype development of Pcbrc2-1 lines is dependent on nitrogen availability
Bud outgrowth of plants is promoted by high nitrogen contents in the soil (Cooke et al. 2005 , Cline et al. 2006 . To analyze if the development of ectopic leaves and the strong branching phenotype of Pcbrc2-1 are affected by environmental growth . Data represent means ± SD. Significant differences with Student's t-test between the WT and the knockout lines are indicated: *P < 0.05; ***P < 0.001. nd, not detectable. The experiment was repeated twice and representative data are shown.
Tree Physiology Online at http://www.treephys.oxfordjournals.org conditions, a nutrient experiment was carried out. Representative Pcbrc2-1 lines were grown on minimal soil and fertilized with a nitrogen deficient nutrient solution. After 6 weeks of cultivation under low nitrogen conditions, the nutrient solution was supplemented with nitrogen. Development of ectopic leaves and bud activation was quantified before and 6 weeks after the shift to high nitrogen availability. The nutrient experiment showed that ectopic leaf formation and bud activation are not linked. Ectopic leaf formation was already observed under nitrogen-deficient conditions and promoted by nitrogen fertilization. In contrast, bud outgrowth was completely suppressed on low nitrogen (see Figure S2 available as Supplementary Data at Tree Physiology Online).
Discussion
CRISPR/Cas9 specifically introduced knockout mutations into the target genes
PcBRC1-1 and PcBRC2-1 are homologous to AtBRC1 and AtBRC2, respectively, and exhibit expression characteristics typical of TB1/BRC1 genes. To analyze if these genes are indeed involved in bud outgrowth control, we used CRISPR/Cas9 to generate variants bearing frameshift mutations in both alleles.
We obtained a whole range of mutations, including heterozygous, biallelic and homozygous sequence changes (Table 1) . Homozygous mutations may occur by coincidence through identical insertions or deletions on both alleles, e.g., through nonhomologous end joining. Alternatively, one allele may be initially edited and then function as repair template during homologydirected repair (HDR), thus introducing the variation into the second allele. Consequently, both alleles will exhibit the identical mutation. Interestingly, some of the target sites with homozygous mutations show loss of heterozygosity, meaning that the allelic sequences around the target site do not contain SNPs (compare Figure 1b, clones T27#8B, #28E, #29A, T31#40A and Figure S1a available as Supplementary Data at Tree Physiology Online, clones T27#8B, #28E). This supports the idea that HDR occurred during editing of the second allele. We targeted two different sites in PcBRC1-1 and PcBRC2-1, respectively (Figure 1a) . Analysis of the edited sites in the transgenic lines showed that the efficiencies of the sgRNAs differ. The mutational rate at the T1 sites of both PcBRC1-1 and PcBRC2-1 was higher compared with the T2 sites. The sgRNAs have been designed in a way to minimize the chance that the sgRNA will built secondary structures, which decrease the efficiency of target binding (Ma and Liu 2016) . RNA folding analyses showed that the selected sgRNAs targeting T2 may form more base pairings compared with the sgRNAs targeting T1, which could explain their lower mutagenesis rates. Alternatively, the promotor AtU3b, which was used for expression of sgRNAs targeting T2, may have a lower activity in poplar than promotor AtU3d, which drives the expression of sgRNAs targeting T1 in our constructs. From a total of 23 and 29 transgenic lines containing a construct targeting PcBRC1-1 and PcBRC2-1, respectively, seven and three lines did not contain any mutations at the target loci. This may be due to silencing or low expression of the CRISPR/Cas9 construct. Poplar BRC1-1 and BRC2-1 candidate genes play a role in bud outgrowth regulation
We recently identified poplar PcBRC1-1 and PcBRC2-1 candidate genes, respectively (Muhr et al. 2016) . Here, we show by analysis of knockout mutants, that both genes are functional BRANCHED orthologs. Knockout of PcBRC1-1 increases the bud outgrowth rate and loss-of-function of PcBRC2-1 results in an almost complete loss of bud paradormancy. Only buds near the apex of Pcbrc2-1 lines stay paradormant. Likely, these buds have not reached the branch maturation point (BMP). Buds above the BMP are in the process of developing an embryonic shoot and have not yet gained the capacity to form a secondary branch (Rinne et al. 2015) . Thus, a decrease in PcBRC1-1 or PcBRC2-1 expression in buds above the BMP cannot trigger branch outgrowth. However, below the BMP, PcBRC1-1 or PcBRC2-1 expression may be one of the factors that control bud outgrowth. The longitudinal gradient of PcBRC1-1 and PcBRC2-1 expression from the shoot apex to the shoot base, reported in Rinne et al. (2015) , corroborates this hypothesis. In buds above the BMP, transcript levels of PcBRC1-1 and PcBRC2-1 are comparably low. In buds below the BMP, both genes exhibit a distinct increase in expression (Rinne et al. 2015) .
Cultivation of Pcbrc2-1 lines under nitrogen-deficient conditions (see Figure S2 available as Supplementary Data at Tree Physiology Online) showed that PcBRC2-1 is not the exclusive regulator of bud activation. During nitrogen deficiency, buds of the PcBRC2-1 loss-of-function lines stay dormant and the bud paradormancy can only be broken after a shift to growth conditions with sufficient nitrogen availability.
Based on our data, PcBRC1-1 and PcBRC2-1 are both involved in bud outgrowth control, but their function is not redundant. PcBRC1-1 and PcBRC2-1 exhibit clearly different expression patterns (Muhr et al. 2016 ). PcBRC1-1 has a higher expression rate compared with PcBRC2-1. In addition to expression in axillary buds, its transcript is also found in leaves, wood and bark. In contrast, PcBRC2-1 transcript levels are lower, but expression is almost exclusively confined to axillary buds. PcBRC1-1 expression is decreased in strigolactone-deficient max4 knockdown lines, while PcBRC2-1 expression does not correspond to strigolactone levels (Muhr et al. 2016) . In addition, the different phenotypes of Pcbrc1-1 and Pcbrc2-1 mutant lines indicate that PcBRC1-1 and PcBRC2-1 have diverse functions. Pcbrc2-1 lines show a significantly higher bud outgrowth rate compared with Pcbrc1-1. Moreover, Pcbrc2-1 lines develop ectopic leaves, which do not occur in Pcbrc1-1 lines.
The origin of PcBRC1-1 and PcBRC2-1 may be explained by gene duplication and subsequent functional diversification. The paralogs BRC1 and BRC2 belong to the CYC/TB1 clade of TCP factors. The ancestral gene of this clade underwent duplications during the early evolution of dicots, resulting in the CYC1, CYC2 and CYC3 types of genes. Phylogenetic analyses assign BRC1 to the CYC1 group and BRC2 to the CYC3 group (Howarth and Donoghue 2006) . Gene duplications first result in gene redundancy, which releases one of the paralogs from functional constraints. The paralog may either lose its function or develop a different function (Mach 2014 , Ren et al. 2014 . In some plant species, e.g., Arabidopsis, BRC2 may have lost part of its activity in bud outgrowth control, while in poplar BRC2-1 retained or enhanced this activity. Our work indicates that, with respect to BRANCHED genes, PcBRC2-1 may have the major function in bud outgrowth control in poplar since Pcbrc2-1 lines exhibit a higher rate of bud outgrowth compared with Pcbrc1-1 lines (Figure 2a ). In addition, the bud-specific expression of PcBRC2-1 is in line with the hypothesis that PcBRC2-1 is a principal factor of bud outgrowth control in poplar.
It is difficult to speculate on the reasons for the appearance of ectopic leaves in Pcbrc2-1 plants (Figure 3d and e) . A possible scenario is that the TCP transcriptional repressor BRC2 competes with TCP transcriptional activators (Gonzalez-Grandio et al. 2013) . Thus, knockout of BRC2 could allow a TCP transcriptional activator to bind to its target promoter. This may affect meristem formation and trigger the appearance of additional leaf primordia.
Two different kinds of vegetative buds have been described for trees that grow in boreal or temperate zones. Tree buds that develop and grow out in the same year form sylleptic branches. Buds that grow out after winter dormancy built proleptic branches. Most branches of P. × canescens are proleptic branches. However, in Pcbrc1-1 lines, the number of sylleptic branches is significantly increased and almost all branches of Pcbrc2-1 are sylleptic branches. Trees with sylleptic branches have an additional leaf area in the first year, which contributes to photosynthate translocation to the stem (Scarascia-Mugnozza et al. 1999) . For poplar grown for bioenergy production on short rotation coppices, enhanced sylleptic branching, as observed here, may be a useful trait during the critical plantation establishment phase in the first year. Sylleptic branching may increase the biomass yield by promoting early canopy closure, which would enhance light interception and suppress the growth of competing weeds by shading. This concept has been tested by Moreno-Cortes et al. (2017) who analyzed biomass production of RELATED TO ABI3/VP1 1 (RAV1) overexpressing poplar lines (RAV1 OEX), which show significantly enhanced branching with up to 83% of the buds growing out. One RAV1 OEX line yielded increased biomass during the first 3 years of the plantation. However, in contrast to wild-type plants, biomass of RAV1 OEX lines decreased after coppicing due to diminished resprouting of the stools and decreased height and diameter of the shoots. We followed a different approach to increase branching in poplar and generated Pcbrc2-1 lines that exhibit a similar bud outgrowth phenotype compared with RAV1 OEX lines. We will analyze resprouting of the Pcbrc2-1 line in long-term trials and compare biomass production of the wild-type line showing
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Conclusions
In this study, CRISPR/Cas9 was successfully used to generate poplar BRANCHED1-1 and BRANCHED2-1 mutant lines, which included heterozygous, biallelic and homozygous sequence changes.
A drawback of the application of CRISPR/Cas9 in poplar can be the production of chimeras. This likely results from constitutive expression of Cas9 and the sgRNA, leading to mutagenesis at different times of development. To avoid this constraint, inducible promoters may be used or recombinant Cas9 protein and sgRNAs may be directly transferred into plant cells, which was demonstrated in other species (Woo et al. 2015) .
Conclusively, while CRISPR/Cas9 became a powerful tool for genetic modification of the model tree poplar, options for finetuning and innovation remain.
The transcription factor BRC1 was previously shown to regulate bud outgrowth in herbaceous species (Doebley et al. 1997 , Kebrom et al. 2006 , Aguilar-Martinez et al. 2007 , Finlayson 2007 , Minakuchi et al. 2010 , Martin-Trillo et al. 2011 , Braun et al. 2012 ). We suggest a conserved role for BRC1 in trees, since homozygous and biallelic Pcbrc1-1 poplar knockout lines, representing loss-of-function mutants, revealed typical phenotypes. While the BRC1 paralogue BRC2 was reported to have no or just a minor function in Arabidopsis, its tree counterpart appears to have a major role in bud outgrowth suppression, as suggested by the extreme branching phenotype of Pcbrc2-1 lines. In addition, PcBRC2-1 may have retained or evolved a function in the control of leaf primordia development, as indicated by the presence of two ectopic leaves at each node in poplar loss-of-function mutants. The underlying mechanism is unknown and may be investigated in future studies to further elucidate the branching regulation in trees.
Last but not least, the poplar Pcbrc1-1 and Pcbrc2-1 lines can be used to analyze the biomass production performance of poplar lines with increased branching on short rotation plantations.
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